The DNA coding for the eight structural genes and uncl of the sodium dependent ATPase of Propionigenium modestum has been cloned and sequenced. Based on sequence homology, the genes were determined to appear in the order uncBEFHAGDC as in several other bacterial species. Minicell experiments revealed that plasraids containing the P. modestum DNA expressed those ATPase polypeptides in Escherichia coli. These were very similar in molecular mass to those obtained from the purified ATPase of P. modestum. No membrane-bound ATPase activity was observed in E. coli unc deletion strains containing the P. modestum ATPase genes. Amino ~cid alignments which were done with the Fo Correspondence n~:
INTRODUCTION
Propionigenium modestum is a strictly anaerobic Gram-negative bacterium which grows from the fermentation of succinate to propionate and CO,. The energy generated during the decarboxylation of methyl-malonyl CoA (an intermediate in the succinate decarboxylation pathway) is used to generate a sodium-ion gradient. A sodium-dependent F~F 0 ATPase could harness this gradient for ATP synthesis. The ATPase of P. modestum has been shown to couple translocation of either sodium ions or protons to ATP hydrolysis [1] . This enzyme is unique in that all other characterized bacterial F~F, ATPases are strictly proton translocating.
The Escherichia coli ATPase operon consists of nine genes coding for the F~ and F0 domains of the enzyme [2] . The F 0 portion is membrane intrinsic. It is encoded by three genes termed unc B, unc E and uric F which are organized in this order in the operon. These genes have been sequenced from the tote operon of P. modestum and the sequ~:nce has been previously published [3] . There i:, a 25-28% nucleotide sequence homology between the E. coli and P. modestum F~ subunits. The sequence for uncD (encoding the/3 subunit) has been previously published [4] . We have now sequenced the remainder of the tlllC operon and deposited it with EMBL (accession No. X58461). This includes all the genes coding for the F~ subunits which form the catalytic portion of the ATPase. The sequence for uncl which is the first gene in the operon and precedes the Ft~ subunits has also been determined.
MATERIALS AND METHODS
Strains and culture conditions. P. modestun~ was obtained from the Deutch Sammlung von Microorganismen (DSSM). It was grown anaerobically in two 100-ml cultures as previously described [5] . Escherichia coli strain DK-6 has a chromosomal deletion of the 8 structural genes of the mw operon [6] . In addition E. coli DK-6 is a minicell producing strain. All cultures used for the determination of membranebound ATPase activity were grown aerobically in a modified LB unless otherwise indicated. This contained tryptone (10 g/I), yeast extrac~ (5 g/I), NaCI (0.4 M), (20 mM), MgSO 4 (10 raM) and glucose (2 g/I). The pH was adjusted to 7.5 with NaOH.
CIonb~g
P. modestum chromosomal DNA was isolated as described [7] . For construction of A DNA libraries, chromosomal DNA was partially digested with Mbol to yield fragments in the 10-20 kb size range. The entire partial digest was ligated into A Dash arms (Stratagene Cloning Systems, La Jolla, CA) previously digested with BamHl. The ligated DNA was packaged with a commercial packaging preparation (Gigapack, Stratagene Cloning Systems, La Jolla, CA). A clones containing uric DNA from P. modestum were selected by plaque hybridization [7] to an oligonucleotide containing a short unconserved region of the P. modestum uncD sequence. The original A clones did not contain the entire operon so further screening of the library was done with an oligonucleotide containing a region within what appeared to be the uncB gene. A clone was selected based on restriction pattern which was called A 5Bl. Fragments of uric DNA were initially subcloned into pBluescript SK and KS (Stratagene Cloning Systems, La Jolla, CA) for sequence analysis. A 5.0-kb SacI-Xbal fragment containing the 5' end of the 5Bl insert was cloned into pBluescript SK and KS. The rest of the operon was contained in a 6.0-kb Sacl fragment which was also cloned into tlkese vectors.
Minicell experiments
We determined whether the individual subunits were being expressed from the plasmids containing unc genes through minicell experiments [8] . The P. modestum constructs as well as equivalent E. coli plasmids were transformed into a minicell producing strain of E. coli (DK-6) and proteins expressed from these plasmids were monitored by polyacrylamide gel electrophoresis.
The plasmids used for minicell experiments were constructed as follows: the 7.0-kb ClalEcoNl fragment of A 5Bl was cloned into the large fragment of pACYCI84 to form pLRKF1. This plasmid contains the uric operon F I genes including only part of the ,mcf gone. pLRKlll and pLRK222 were constructed to be similar in structure so that pLRK111 contains the F 0 genes from E. coli and pLRK222 contains the F 0 genes from P. modestmn, pLRK45: the EcoRI, Hindlll fragment from the E. coli unc containing plasmid pRPG45 [2] was cloned into pBluescript SK cut with the same enzymes to form pLRK20. A Mlul site and Nhel site were added in the intergenic region between uncB and E and between uncE and F respectively by site-directed mutagenesis to form pLRK21. These sites were inserted in order to potentially exchange subunits between an E. coli and a P. modestum plasmid. The E. coli uric F~ fragment was then cloned into a pCQV2 ( [9] ; a pBR322 derivative with the APr promoter and C~ gent) ligating the Sall-Smal fragment of pLRK21 into the Sail, Pt,ull flag-ment of pCQV2 to form pLRKlll, pLRK222: the plasmid generated by cloning the Xbal-Sacl fragment from the P. modestum clone in pBluescript SK, pLRK5 was mutagenized in a similar way to the E. coli F o plasmid to insert the Mlul and Nhel sites between uncB and E and uncE and F respectively to generate pLRK13. The region preceding the F0 structural genes was removed by restricting pLRK13 with Xbal and BstEI! and religating the plasmid after blunting the ends to form pLRK12. The insert from pLRK12 containing the 
RESULTS AND DISCUSSION
We have previously published the sequence of the F 0 subunits of the Propionigenium modestum ATPase genes [3] . Those genes are contiguous and code for the 3 subunits of the integral membrane region of the sodium dependent FjFo ATPase. We have recently sequenced the genes coding for the F t subunits. The genes coding for the F~ subunits are contiguous with the genes coding for the F o subunits of the ATPase (Fig. 1) .
4O
The sequence of these genes is of interest because of the unique function of the proteins encoded by them. The product is the only characterized sodium pumping FIFo ATPase [1] among a variety of proton pumping ATPases. For this reason the sequence is important for an understanding of the structure and function of F,F 0 ATPases in general.
Organization of genes
Based on the analysis of open reading frames, the organization of the uric operon of P. modestlOn was determined. Based on sequence homology, the ATPase subunits appear in the order unclBEFHAGDC within the chromosome of P. modestum (Fig. 1) . This is the same order as in several other uric operons including E. coli [2] . The sequence for the unclHAGDC subunits is not shown here but is available through EMBL (accession number X58461). We have noted the presence of a short ORF that precedes tmcl which appears to code for a generally hydrophobic peptide containing 10 contiguous Asp/Asn residues which follow the start codon.
In minicell experiments, we were able to demonstrate the synthesis of each of the P. modestum F~ subunits except ,~ which appeared very weakly, from pLRKFI and all of the F. subunits from pLRK222 (Fig. 2) . These subunits were similar in gel mobility to those from the purified preparation of Laubinger and Dimroth [l] .
From the original pLRKlll (E. coli F,,) and pLRK222 (P. modestum F0), a number of other plasmids have been constructed containing every possible combination of E. coil and P. modestum F,, subunits. Each of these plasmids were eotransformed with either pDJK35 (E. coli F~) or pLRKFI (P. modestum F l) into several unc deletion strains of E. coli. Membranes were purified from each of these strains [11] . Only in the ease of the complete E. coli F~ and Fn was significant membrane bound ATPase activity observed (unpublished data).
Amino acid similarity
The P. modestum F 0 fragment is thought to be the determinant of the ability to couple sodium ion pumping to ATP synthesis as the F o subunit apparently forms the ion channel. We have therefore aligned the amino acid sequence of the a and c subunits to determine similari'ies and differences (Figs. 3, 4) . All of the F. modestum subunits show similarities with the other subunits. The results of these analyses give us an indication of the relative structural relatedness of the ion pore.
The a subunit has been studied in detail as it is believed to be a key component of the proton channel in the F o part of the ATPase [10] . If we compare the a subunit of P. modestum to the a subunits of several other eubacteria (as has been done in previous studies: ref. 111 several features are observed: the a subunit of P. modestum is significantly larger than the a subunits of Vibrio alginolyticus, E. coli, Synechococcus, Anabaena, Rhodospirillum rubrum, PS-3 or Bacillus megaterium. In general the conserved regions of F n subunits are conserved in P. modesmm (Figs. 3,   4 ). There are however some exceptions. At position 193, a serine replaces conserved arginines and iysines, at 215, an alanine replaces isoleucines and valines, at 223, an asparagine replaces serines and threonines and at 267, a serine replaces alanines.
A similar phenomenon is observed with the c subunit. It is bigger than other sequenced bacterial c subunits. Serines replace conserved glycines at position 42, conserved alanines at position 66 and conserved r!ycines and alanines at position 71. Of interest ,s that a serine mutation at 62~,~ (position 66 in P. modestum) will supress the 9g~y.~p mutation in the b subunit of E. coli [12] . The _12 subunit of P. modestum is also larger than the E. coil and V. alginolyticus b_ subunits and it does not contain the glycine at position 9 that is critical for the function of the E. coli subunit.
